Drosophila females bearing mutations in a previously undescribed gene, hu-li tai shao [(hts) too little nursing], produced egg chambers that contained fewer than the normal 15 nurse cells and that usually lacked an oocyte. The cytoplasmic bridges (ring canals) interconnecting nurse cells and the oocyte appeared abnormal, and lacked associated actin rings. The hts locus was found to encode a homolog of the mammalian membrane skeletal protein adducin. During oogenesis, hts mRNA became localized at the anterior of the oocyte and was subsequently expressed in a variety of embryonic tissues. These studies suggested that Drosophila adducin is needed to assemble actin at specialized regions of cell-cell contact in developing egg chambers and may also function at other times during the Drosophila life cycle.
tiple ovarioles that each contain a series of developing egg chambers. Each chamber comprises a cyst of 15 interconnected nurse cells that are joined to a single oocyte and surrounded with follicle cells (for review, see King, 1970; Mahowald and Kambysellis 1980; Spradling 1993) . New 16-cell cysts are formed in the anterior region or "germarium" of each ovariole, when a single cystoblast undergoes four successive rounds of mitosis with incomplete cytokinesis. The cleavage furrows joining daughter cystocytes subsequently become modified into cytoplasmic bridges called ring canals (Meyer 1961 ) . Specific mRNAs and other cellular components are transported through the ring canals from the nurse cells to the oocyte, a process thought to be of central importance for many aspects of oogenesis.
Bridges that are morphologically similar to Drosophila ring canals interconnect the oocyte and its accessory cells, or groups of oocytes, in diverse invertebrate and vertebrate organisms (Franchi and Mandl 1962; Weakley 1967; Anderson and Huebner 1968; Dyer et al. 1968; Zamboni and Gondos 1968) , including humans (Gondos 1987) . Spermatocytes and spermatids in many species also contain cytoplasmic bridges (Burgos and Fawcett 1955; Fawcett et al. 1959; Hoage and Kessel 1968; Kalt 1973; Russel et al. 1987) . These interconnections may synchronize mitotic and meiotic divisions (Fawcett 1961; Gondos 1973; Braun et al. 1989; Caldwell and Handel 1991} or mediate nutritive transport.
Despite the importance of cytoplasmic bridges to the process of oogenesis, relatively little is known at the molecular level concerning their construction or function. Ring canals appear to be produced by modifying the normal process of cytokinesis. At the end of mitosis, cytokinesis is usually effected by the action of an actincontaining contractile ring situated at the cleavage furrow (Conrad and Schroeder 1990; Satterwhite and Pollard 1992) . Some process may arrest contractile ring closure in developing Drosophila cysts and stabilize their association with the cell membrane.
The structure of Drosophila cytoplasmic bridges is further modified as oogenesis proceeds. Ring canals within a newly formed 16-cell cyst are already lined with an electron dense material that links the canals to the plasma membranes (Mahowald 1971) . Later, as follicle cells start to envelop each cyst, the ring canals grow in size and accumulate prominent, noncontractile rings of F-actin (Warn et al. 1985) . By this time, materials undergoing transport are observed within the canals. Ring canals continue to expand in size during egg chamber growth, until they are finally lost following the rapid cytoplasmic transport that accompanies nurse cell breakdown (Gutzeit and Koppa 1982; Cooley et al. 1992) .
We have taken a genetic approach to analyzing ring canals by identifying a gene required for normal ovarian cyst formation.
Results

hu-li tai shao females produce egg chambers with few nurse cells
Three allelic female sterile mutations that disrupted ovarian cyst formation were isolated in single P-element insertional mutagenesis screens (see Materials and methods). Homozygous mutant females produced egg chambers with < 15 nurse cells, and these chambers usually degenerated before completing oogenesis (Fig. 1) . (Wild-type egg chambers invariably contained 15 nurse cells.) A single P-element insertion in each of the alleles was mapped by in situ hybridization to locus 56C/D, and precise excision of these P elements (see Cooley et al. 1988) completely reverted the sterility and egg chamber defects (data not shown). Because no previously described gene with such properties had been mapped to this chromosomal region, we named the locus hu-li tai s hao (hts), which means "too little nursing" in Chinese. All three alleles, hts I, hts 2 and hts RK, reduced the number of nurse cells; however, hts 1 chambers consistently contained fewer nurse cells than those of hts 2 or hts RI~ (Fig. 1) .
Two other defects were observed in developing hts egg chambers. Most egg chambers produced by mutant females lacked an oocyte. Cell counts revealed that the overall ratio of nurse cells to oocytes in hts RI< was 54 9 1 (n = 616 egg chambers), in hts 2 the ratio was 74"1 (n = 530 egg chambers), and in hts ~ the ratio was 400 9 1 (n= 632 egg chambers). Because the normal ratio is 15 9 1, this represented a 3-, 5-, or 27-fold reduction in the frequency of oocyte formation, respectively. In addition, a few chambers with oocytes that developed to later stages of oogenesis were unable to transfer nurse cell cytoplasm into the oocyte normally.
Several new hts alleles were generated by imprecise P-element excisions. One line that contained an internal deletion within the hts I insertion, hts ~e2s, was weakly fertile but still usually produced egg chambers with < 15 nurse cells ( Fig. 2A) . A remarkable relationship was observed in these egg chambers between the presence of an oocyte and the total number of nurse cells. Almost all chambers with an oocyte contained an odd number of nurse cells, whereas most chambers lacking an oocyte had an even number of nurse cells (Fig. 2B) . Chambers with an oocyte frequently did not transfer the nurse cell contents into the oocyte in a normal manner.
The function of the hts locus was not confined to the ovary. All three original alleles reduced the viability of homozygous adults about twofold (data not shown). In addition, hts 2 and hts RK adults had rough eyes. The semilethality and eye phenotype were reverted by excision of the inserted P elements. Other lines recovered by P-element excision were nearly lethal or reverted some mutant effects independently of others. A more detailed description of the genetics of the hts locus will be presented elsewhere.
hts egg chambers have defective ring canals
The number of nurse cells in hts egg chambers might be reduced because mutant cystocytes divided fewer than four times or because hts cysts were unstable and broke Nurse cell number and oocyte production in hts le25 egg chambers. (A) Egg chambers from hts le2s females were stained with DAPI, and the number of nurse cells were counted. The presence or absence of an oocyte in each chamber was also determined (oocytes have a characteristic appearance that is readily recognized). (B} The frequency of egg chambers with a given number of nurse cells was plotted. Ca) Egg chambers that contained an oocyte; (b} egg chambers that lacked an oocyte; (c) egg chambers in which the presence of an oocyte was uncertain. (ocn) Oocyte nuclei.
into smaller groups of interconnected cells during or shortly after the cystocyte divisions. We used transmission electron microscopy to look for abnormalities in the cysts forming within homozygous hts females. Some cysts appeared to be in the process of degeneration (data not shown). Most dramatically, the ring canals in cysts and egg chambers from all three mutant alleles were defective in appearance. Fewer ring canals could be recognized in hts mutants than in wild type, and the ring canals that were observed had deformed outer rims (Figure 3C ,E,G,I). After cysts are surrounded by follicle cells to form an egg chamber, ring canals normally expand in size and acquire an inner ring [Fig. 3A (rc3}, F, H] . In most hts egg chambers, inner rings were not observed (Fig.  3G, I ).
We stained hts mutant egg chambers with rhodamineconjugated phalloidin (Warn et al. 1985) to reveal the location of filamentous actin. In each wild-type egg chamber, 15 bright rings were easily visible (Fig. 4A) . In the mutants, however, distinct rings of phalloidin staining were not present at most cell junctions within egg chambers (Fig. 4B) . The complete absence of staining, or only weak membrane staining that might have represented abnormal canals, was observed in -85% of the cells. Nearly normal ring canal staining was associated with the remaining cell junctions. We concluded that abnormal ring canals deficient in actin were present in most of the egg chambers produced by hts mutant females.
Molecular characterization of the hts locus
DNA fragments flanking the hts 1 and hts 2 insertions were recovered by plasmid rescue. Additional genomic DNA from this region was subsequently selected from a wild-type genomic library and mapped with restriction enzymes (Fig. 5A) . The insertion sites for the independently derived hts 1 and hts 2 alleles were localized to the same nucleotide by sequencing. (The phenotypic differences between these two alleles may be the result of a small difference between the 14-kb transposons that was not detected by Southern blotting.) To determine the insertion site of the transposon in hts RK, which lacked sequences for plasmid rescue, DNA fragments surrounding the insertion were amplified by inverse polymerase chain reaction (PCR) of hts RK genomic DNA, using primers specific to the P-element termini. These two DNA fragments were then placed on the map by Southern blotting. The genomic region surrounding the hts RK insertion site varied between different wild-type Drosophila strains, owing to the presence of two putative transposon polymorphisms (Fig. 5A, T1 and T2).
The hts transcription unit was identified by probing Northern blots of poly(A} + RNA from wild-type and hts mutant ovaries with DNAs from the cloned region. Two ovarian transcripts from this region were initially detected. A 2.4-kb RNA located to the left of the hts I insertion (Fig. 5 ) did not change in mutants and was not considered further. However, a 4.5kb candidate transcript was greatly reduced in all three hts mutants (Fig.  5C ), whereas slightly more remained in the hts 2 allele than in the stronger mutants. Probes recognizing this RNA also labeled transcripts of 4.5, 3.8, and 3.7 kb in embryos, larvae, pupae, and adult males (Fig. 5D, E) . Much lower levels of the two smaller transcripts were also observed in ovarian RNA. cDNA clones were selected from an ovarian cDNA library, and a transcription unit spanning at least 25 kb was defined by sequencing seven overlapping cDNAs (Fig. 5B) and much of the corresponding genomic DNA.
Genetic evidence supported our conclusion that the large transcription unit defined by these cDNAs corre- Each bracket indicates a ring canal (rc). Note the acquisition of an inner ring in the oldest ring canal (rc3; for more detail, see F). {B-E) Ring canals are apparent in region 2 of the germarium from wild type (B), hts 2 (C), wild type (D), and hts 2 (E). The electron-dense outer rims of the hts ring canals are misshapen and contain extra outer rim material. (F-G) Ring canals can be seen joining two nurse cells from a wild-type (F) or hts 2 mutant (G) stage 3 egg chamber. The space within the electron-dense outer rim (or) of the canal is partially filled with an electron light inner ring (ir). The inner ring is absent in the mutant canal. (H-I) Ring canals from wild-type (H) or hts 2 (I] stage 9 egg chambers. The outer rim in the mutant ring canal appears to have collapsed, leaving only a small opening, and the inner ring is also missing. sponded to the hts gene. All three hts insertions resided within the transcription unit. The hts 1 and hts 2 P elements were located within the first intron 16 bp from the 5' splice junction, whereas the hts RK P element was inserted in the second intron. Precise excision of the P element in each hts allele restored female fertility; imprecise excision led to changes in the hts phenotype. Revertant lines with restored female fertility expressed the 4.5-kb transcript at wild-type levels (data not shown), whereas a line with partially restored fertility (hts le2s) produced intermediate levels (Fig. 5C ).
hts encodes a homolog of adducin, a m a m m a l i a n m e m b r a n e skeleton protein Sequencing revealed that the hts transcription unit consisted of at least 10 exons separated by 3 large and 7 small introns (Figs. 5 and 6). The first two introns spanned 12.5 kb and were separated only by a 49-bp miniexon. All of the introns were flanked by consensus splice donor and acceptor sequences. The composite hts cDNA encompassed 3922 nucleotides but was missing sequences at both the 5' and 3' ends of the 4.5-kb transcript. Thus, the hts transcription unit may extend beyond the regions shown in Figure 5 . However, the sequence included a single large open reading frame encoding a 1156-amino-acid protein (128 kD) beginning at the first AUG codon. The sequence surrounding this AUG codon corresponded closely to the nucleotide consensus sequence for Drosophila initiation codons (Cavener 1987) , and several in-frame stop codons were located just upstream.
The predicted hts polypeptide was found to be 37% identical within its amino-terminal 800 amino acids to both the a and [3 chains of h u m a n adducin (Joshi et al. 1991) . This similarity increased to 56% when conservative amino acid substitutions were included (Fig. 7) . The proteins shared similar sequences throughout the a m i n o -t e r m i n a l head region, w h i c h corresponds to approximately a m i n o acids 1-320 based on the data of Joshi et al (19911, and was conserved most extensively in a 9-kD region (amino acids 362-427) that is t h o u g h t to separate the head from the extended tail domain. Interestingly, the only substantial internal size difference between the proteins was the presence in h t s of 28 extra amino acids near the beginning of this 9-kD domain. While the first 200 a m i n o acids of the adducin tail dom a i n was also similar to the hts protein, there was little correspondence over the last 160 a m i n o acids. A highly basic 22-amino-acid domain located in this region that is a candidate protein kinase C phosphorylation target and [Sites that were polymorphic between the clones are indicated by prime (' or double prime ").] (B) The structure of the seven sequenced cDNAs is diagramed in alignment with the map. (C-E) Northern blots of poly(A) + RNA hybridized with the hts cDNA {htscl) probe are shown. Poly(A) + RNA from whole ovaries of wild type tWTI, hts 1, hts 2, hts RK, and hts ~2s IC], from 0-to 3-hr embryos, 3-to 24-hr embryos, first-and second-instar larvae (L1 & L2), third-instar larvae (L3), pupae, adult males, and adult females (D), or 0-to 3-hr embryos (E), was analyzed using the htscl cDNA as a probe. Following hybridization, the probe was removed, and the membranes were reprobed with a ribosomal protein mRNA probe, rp49 (Vaslet et al. 1980) , to indicate the amount of RNA in each lane. Aq~ACTGAAGTTC,AGCAACCGCCACAGAATGGCATAGATCCCACq~3CCGr`#CGAAGA~ATGACAATAGCAAAGCACGTCCCGCGGATA~GAACAGGATATG 102 
t a t c aa a t a t a t at t t aat ct ct g t t t t a act gcct t gc agACT~TCCTCCAq
'PCGGTGGTACA~CTGCCCGTCCAGATATTCGATGCGCCATCTAT 639 195 F V L H S V V H A A R P D I R C A I Y ATCGGCTGCAGTCCAGTCGTGGCTATTTCCTCACTGAAGACTGGTCTA~PGCCG~CCAAGGATGCCT~C~C~ACCACTCACGC~AT 741 214 I G C S p V V A I S S L K T G L L P L T K D A C V L G E I T T H A Y ACTC~TcTAq~2CGACGAGGAcGAGCGCAA~CGAT~GGTCCCCAGCCTTGGTCCCAACTCCAAC~1X~Aq~CTC,~AACT~AC~C~C~C~A 843 248 T G L F D E E E R N R L V ~ S L G P N g K V I L L T N H G A L C C G GAGACCATCGAGGAAGCCTTC~PCGCCGCCTGTCACATqX3TACAGGCGTGTGAGACGCAACTGAAGCTG~GCCCGTCGG1~TC~ATAACTTGGTGC~A~ 945 282 E T I E E A F F A A C H I V Q A C E T Q L K L L P V G L D N L V L I C CA GAGGA GTC GC GCAAGGC CA Tq-FA CGAGCAG TCG CG CCGGC CGC CGGAGGA TC TGGAGAAG AAG ~f'PT~C CG C CG TC GCCGC ~CCGAAGATGGTGC TGC T 1047 316 P E E S R K A I Y E Q S R R P P E D L E K K F A A V A A A E D G A A ACTG~AJKAAGG Aq~ CAGCCGAAGC ACTAC CC AAGGq~ CAG~X2CGCCCAAG~I~GCGq~ TGC~TC~TGC~3AAq"I'I~AGGCC~CGC A~ C~A C 1149 350 T V E K D A A E A V P K V G g P P K W R V G G A E F E A L M R M L D AATGCTCGCTATCGCACTC~CTATATCTACCGCCATCCACTGA~CAAATCGGATCCTCCCAAGCCTAAGAACGATGq~CGAACTACCGCCAGCTGTTTCATCA 1251 384 N A G Y R T G y I Y R H P L I K S D P P K P K N D V E L P P A V E S CTGGGCTATCTTCTTGAGGAGGAGGAACTCTTCCGTCAAGGgt aagcgaat cgact t aaat t g tacct aaacaat ccct aat aaaatctat t t act t t t agG 1293 418 L G Y L L E E E E L F R Q G ATC TGGAAGAAGGGAGATA'f'PCG CAAAGGCGGC GAC CG C AG TC GGTC~ C~X2 AACTC GC CAAAC GI~fTACCAAAAGGTC GAGGTTCTC.GAGAC C ~C AC ~CG 1395 432 I W K K G D I R K G G D R ~ R W L N E P N V Y Q K V E %/ L E T G T P GATCCCAAGAAGA~FACAAAGgtcgaaatc--ikb intron5---atatgacagqK;CK;TGGCTGAGGGTTCCCCCACCCACTCAACGCCAGTGAC4~ATAG 1462 466 D P K K I T K W V A E G S P T H E T P V R I E AAGATCCACTCCAGTTTGTGCCTGCAGGAACCAATCCAAGGGAAq'•TAAGCGTGTCCAGCAACTAgtcagtattataatactcttagtcccaatgaactttg 1527 489 D P L Q F V P A G T N P R E F K R V Q Q L ttaacaagtggaagctttttcaaacagAq~AAGGACAACCGCCGGGCAGATAAGATq~CAGCCGGACCACAGTCGCATA~TCTGGAGGGCG~ACATG~GAC 1602 510 I K D N R R A D K I 3 A G P Q S H I L E G V T W D GAGGCGAGCCGACTCAAGGATGCAACGGTCTCGCAGGCCGGCGATCATGTCGTCA~ TC~3GTGCCGCCTCCAAGGGAATCA~AGCG~Gc~CAGCAC 1704 535 E A g R L K D A T V S Q A G D H V V M M G A A S K G I I Q R G F Q H AATGCCACTGTCTACAAGGCACCGTAq~CTAAGAACCCAq~FCGATAACGTCACAGACGA~AACTCAATGAATACAAACGCACGGTGGAGCGCAAAAA~ 1806 569 N A T V Y K A p y A K N P F D N V T D D E L N E Y K R T V E R K K K TCGGTGCATGGCGAATgtaagttagCaatCatacttt~ccaataaccaaatacttacttataatcatacaacaacttttgcagATACCGACACAGACT~TTC 1841 603 S V H G E Y T D T D F E GGAA~CCGAAGCGGTCCTGCAGGCGGGGACAAAGAAATACCCACAAAGCGAACCCGAGACCGgtatgttaactatttagaaacta~actgattact99aaac 1903 E S E A V L Q A G T K K Y P Q S E P E T E taatat~atgtagatatctagAGCACcAGGTCA~GAGATCCAAACACAGCAAGC~CCAGTGCCAAGGCAGGCGGAAGTCGTGCTGAGCGA~g~aagtcag 1975 H Q V I E I Q T Q Q A P V P R Q A E V V L S D A --6.4kb int tong--cgat t ctagCACTTGTCTCTCAACTGGCTCAAAAGTA~C G~Cc~ITA~CGCCTC~CCAATACATGTATC43C~3CCT~AAAAT 2051 L V g Q L A Q K Y A F L Y S P G Q Y M Y G C L K M G GC TCC A~-TAATG CAGAAGGTq~Aq~3q~fATAC ACAAGG~CG AGC C C GTCAGCAAGC ACAACTATCCGC CAG q'TAACGATGGCAATAT~ AGTA~A~AC~ 2153 A P L M Q K V y v I H K v E P V S K H N Y P P V N D G N M S I H H N CGAAA~TGGAGCCGGATTCCTGGCCCATGAGTCCA~CG~PA~TAGTAGCACCCCCGTACGCAATGCCTTGGCATCAGTATCATq~PCCGGAAGAGAGGAATCA 2255 E g G A G F L A H E g S V I S S T P V R N A L A g V g F P E E R N H TTCTA~GC~FATCATCAAcTCCGTATCGCACCATCTCGCATTTCGGGTTCAAq~GTCCGCTTATTACGTCACCAACCA~C~CCTGCATCCCGAAcA 2357 S I L G L S S T P Y R T I S H F G F N C P L I T S P T I L L H P E H TCG A~ CA~q-PGG CAACGGG TGGCCGAGCAG CG CGAGAAGG q~TG TC CTTCATAGATCTCACAACA~r~AGC ~'IGGACAACcC.C~GC~CTC ~ TAG T 2459 R E I W Q R v A E Q R E K V V S F I D L T T L 3 L D N R K L L N V V ~ACATCAACGCATCCAACCCAGTC,CCAATCGCAATCGCAATCCq'I~FATCTC~3AGAAGCACAq'FCAGCTGGAAGq~FACGCCACCGAAGCGAAAGCAGC~TGT 2561 T S T H P T Q c Q s Q s Q S F I g E K H I Q L E V T P P K R K Q R V CTACAGCGCCACCATCAGCAQq~GTCTAGACGACAGCCTCGATGAGCTGGACTCCCTGATGAGCGGCCTAGCCATCAATATC~CCGCGCAGTCGGGAGCAGGA 2663 Y S A T I S S G L D D 3 L D E L D S L M S G L A I N M P ~ S R E Q D CAGCGGTCq~TACCGCAGCTACACCTq~PCTACCCAGTAATCAT~CTCTGCCCAAGGATACAGATGCCAATGATAGGGATCAAACGGATCGTC,AGCGACCAGA 2765 3 G L Y R ~ Y T F L P S N H A L P K D T D A N D R D Q T D R E R P E A~CGGAGCAGGAGGAAAGq'I~FTCACTGC~CAGGCGACA3TGGTAq'PC43CGATTCCACCGGCCGGCGTCCGCGTC~i~GCCACCACCAGCAATGATTCGTCGAT 2867 A E Q E E S F H C A G D S G I G D S T G R R P R L A T T S N D S S I TCAAGAGGCCGAAGCCTACACCCAGGGCAAGCACGTCAAGTTGACC~qx3AGCAGCTCACCCACGCCGACGGCCACACAGTCACCTGCAACCATCGAAAq'pCT 2969 Q E A E A Y T Q G K H V K L T L S S S P T P T A T Q S p A T I E I L TATCAA CGTATCG CTG C GCAAT~ CCGAG TGCGTCCAAA CGGTC CAGACCCATGAGCAGGAGq~f'fCG CG CCAAG~GAGCGAGTAATCGACGAGGAGATCCA 3071 I N V S L R N A s C V Q T v Q T H E Q E F R A K L E R V I D E E I H CTATATTTCGCAGCAACTCGCATTTAAACAGCGACAGGCAGAGT1X3CATC,AACAACAGACTACATCGCGGGCTCCAATCGCTACGCCTTCTq•PCACAACTAT 3173 Y I S Q Q L A F K Q R Q A E L H E Q Q T T ~ R A P I A T P S F T T M GcATCCGCCGGCACCGGC~CTTCATCATCCATGGTTCACCGCAGCAACTCGGCACCAGAACTGTGCCACACCTATAGCTATGTGGCCGTC,GGCGATTTGTC 3275 H P P A P A S S g S M V H R S N S A P E L C H T Y S Y V A V G D L S GACCAAACAGGATCAAGCCTCTCCACAAC~CCAGCGGAGGGTGAGCCG~TGATATACTCAGTAGTI~3GAGAAGGAACTGGAGCGTCTGCTGAACAG 3377 T K Q D Q A 3 P Q L P A E G E P L N D I L E S L E K E L E R L L N S CGTC43TGA CAGCCCACATGCq~3C ACAACAAGGC C ATCA TAC ACGAGT~CCGGGCTC GCTTC~CGCAGC TC~ CCGATC.GAAT~TCAGC TCGTAGATACATAT 3479 V V T A H M L H N K A I I H E C R A R F S Q L A D G I V ~ S *
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amino-terminal hts-coding region detected bands only from the hts locus itself (data not shown). hts mRNA is localized during oogenesis
The spatial and temporal expression patterns of hts mRNA were examined by in situ hybridization to wildtype ovaries and embryos. In region 1 of the germarium, where cystocyte division occurs, only very low levels of hts RNA were detected. Unfortunately, it is not currently possible to recognize individual cysts within this region, so it could not be determined whether expression was temporally or spatially regulated in a manner that might help to explain the defects in nurse cell numbers. Figure 7 . The protein predicted by the hts gene is a homolog of mammalian adducin. The predicted protein sequence of hts (Dmadd) is shown aligned with human adducin [Joshi et al. 1991 ) a-subunit (Hadda), [3-subunit (Haddl3), and rat spleen adducin (Radd) (Tripodi et al. 1991} . Identical residues are shown in bold letters, and identical or conservative substitutions are shaded. The numbers at right refer to amino acids within the predicted hts protein. Four highly conserved segments (similarity higher than 80%) within the hts sequence are boxed.
other functions in addition to cyst formation. Throughout region 2 of the germarium, which contains newly formed 16-cell cysts [ Fig. 8A , arrow) and cysts that are acquiring a layer of follicle cells, hts was expressed within a small number of cells. These cells probably corresponded to the future oocytes within each 16-cell cyst, as only oocytes were labeled at later stages where they could be reliably identified (Fig. 8B) .
hts RNA subsequently became localized within the oocyte cytoplasm. During stage 7, the RNA accumulated in a ring at the nurse cell/oocyte border and also at the posterior (Fig. 8C) . By stage 8, high levels of hts RNA were only present at the anterior margin of the oocyte (Fig. 8D) . During stage 10, large amounts of hts RNA were produced in the nurse cells while material also remained at the anterior margin of oocyte (Fig. 8E ). This pattern of localization during oogenesis was similar to that observed previously for the genes Bicandal-D (Bic-D); (Suter and Steward 1991) and orb (Lantz et al. 1992) . In contrast to these genes, hts RNA was also localized at the anterior of preblastoderm embryos, like the anterior morphogen bicoid (St. Johnston and Nfisslein-Volhard 1992) . hts RNA appeared to form a gradient along the anterior-posterior axis (Fig. 8F ) during this time.
Discussion
The hts locus encodes an adducin homolog
Mammalian adducin is a component of the membrane skeleton that was originally purified as a calmodulinbinding protein from human erythrocyte ghosts . The protein is comprised of two structurally related subunits (e~ and 13 chains) that form a functional heterodimer. Each subunit consists of a 39-kD globular amino-terminal domain, a 9-kD spacer region, and a protease-sensitive carboxy-terminal tail (Joshi et al. 1991) . Adducin bundles actin filaments in vitro (Mische et al. 1987) and is postulated to mediate associations of spectrin and actin found in regions of cell-cell contact (Gardner and Bennett 1987; Kaiser et al. 1989) . Some functions of adducin may be regulated by protein phosphorylation, as it is phosphorylated in vitro and in vivo by protein kinases A and C {Cohen and Foley 1986; Ling et a1.1986; Waseem and Palfrey 1988; Waseem and Palfrey 1990}. The predicted hts amino acid sequence suggested that it represented a homolog of mammalian adducins. However, both the mammalian 13 adducin gene (Joshi et al. 1991} and Drosophila hts locus (Fig. 5) produce multiple mRNAs that differ between tissues and may encode several protein isoforms. A probe specific to the 3' region of the 4.5-kb ovarian transcript, encoding the divergent carboxy-terminal region in the predicted hts protein, did not label any of the three transcripts from embryos or larvae (data not shown). Consequently, the larger adducin-like protein predicted by the hts cDNAs may represent an ovary-specific isoform. Nonetheless, the similarity of this ovarian protein to mammalian adducins suggested 
Role of the hts protein in ring canal formation and stabilization
The effects of hts mutations on ring canals could be explained by the activities of an adducin-like protein.
Mammalian adducin bundles actin filaments and promotes the association of spectrin with actin. The protein is localized at sites of cell-cell contact in epithelial tissue and cultured cells (Kaiser et al. 1989; and Waseem and Palfrey 1990) . Ring canals are rich in actin filaments and represent specialized regions of cell-cell contact. In hts egg chambers, ring canals lacked most of the actin filaments that usually become associated with them shortly after their formation and appeared abnormal in electron microscope. In particular, inner rings, which may be rich in actin, were not detected.
There are several possible molecular roles that the hts protein might play in ring canal assembly. The simplest hypothesis would be that the hts protein binds to outer ring canal rims and serves to anchor actin filaments and, possibly, other proteins. This view is consistent with the direct actin-binding activity of mammalian adducin. Alternatively, hts might interact with membrane and outer rim proteins and only disrupt actin binding indirectly. Either model could explain the disorganization of the outer rims that was observed. Adducin has been reported to bind phosphatidylserine (Wolf and Sayhoun 1986) , suggesting that it might interact directly with membrane lipids. Little is known of the role played by spectrin in ring canals. Because adducin has been shown to stimulate the association of spectrin and actin (Gardner and Bennett 1987; Mische et al. 1987) , it remains possible that hts affects ring canal formation by disrupting spectrin organization. Although Drosophila spectrin has been studied during embryogenesis (Pesacreta et al. 1989) , little is known about its location or functional importance in the ovary.
The defects in transferring nurse cell cytoplasm to the oocyte that were observed might also have been the result of ring canal abnormalities. At least four genes have been identified, chickadee, kelch, quail, and singed (Patterson and O'Hare 1991; Sch6pbach and Wieschaus 1991) and implicated in nurse cell-oocyte transport through the ring canals (Cooley et al. 1992) . chickadee encodes Drosophila profilin (Cooley et al. 1992) , and singed has been postulated to encode an actin-associated protein (Patterson and O'Hare 1991) . The abnormal ring canals in hts egg chambers may not be able to sustain the rapid transfer of cytoplasm that normally occurs as nurse cell break down, resulting in the incomplete cytoplasmic transfer observed in the mutants. The hts protein may directly interact with some of these gene products; such an interaction might occur throughout oogenesis, as chickadee and singed are also expressed in the germarium.
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Role of hts in cyst production
The idea that the hts protein is needed to assemble normal ring canals may explain why hts egg chambers had reduced numbers of nurse cells. Two types of mechanism currently are plausible for such an effect. Intercellular communication mediated by the ring canals may be important even during the four cystocyte divisions that lead to a 16-cell cyst. In the absence of the hts protein, abnormal signals may cause divisions to terminate prematurely, resulting in smaller cysts that could sometimes still differentiate an oocyte. It is difficult to explain the properties of the hts 1~2s allele according to this model, because it remains unclear why the total number of cystocytes would always be even (although not a power of 2). Unfortunately, serial section electron microscopy is required to identify cysts near the tip of the germariurn that are undergoing cystocyte divisions, so it has not been possible to determine directly whether the number, timing, or character of these divisions is abnormal in hts females.
Alternatively, nurse cell number may become reduced by breakage of hts cysts at their abnormal cell junctions into smaller clusters of interconnected cells before envelopment by follicle cells. Cyst breakage would reduce the number of nurse cells per egg chamber, without changing the overall ratio of nurse cells to oocytes (i.e., 15 : 1). In the weak allele, hts le2s, counts showed that the total ratio of nurse cells to oocytes was 13:1 (n = 505 chambers), close to the 15 : 1 ratio expected on the basis of this model. If 1 &cell cysts in hts ~ ~2s mutants preferentially break at intercellular bridges formed during one of the first three cystocyte divisions (to generate cyst fragments with even numbers of cells), this could also explain the association of oocytes with odd numbers of nurse cells in this allele. The cyst fragment that received the presumptive oocyte from the parent cyst would subsequently develop with an odd number of nurse cells, whereas all of the cells in the other fragment would develop as nurse cells. To explain the existence of rare cysts with 8, 10, or 12 nurse cells but no oocyte (Fig.  2) , it is necessary to postulate that the presumptive oocyte, which will always be present in such a cyst fragment, is not always able to differentiate.
hts may be needed for oocyte determination
The 27-fold reduction in the frequency of oocyte formation by strong alleles suggested that hts played some role in oocyte differentiation. A pattern of RNA accumulation similar to hts within the presumptive oocytes of young cysts has also been observed in the case of Bic-D, a putative structural protein that is required for oocyte determination (Suter et al. 1989; Wharton and Struhl 1989) . It has been proposed that Bic-D blocks oocyte formation by preventing the selective transport of specific mRNAs and other components from the nurse cells (Suter and Steward 1991) . The defective ring canals in hts cysts might also reduce nurse cell transport, blocking oocyte development. Alternatively, hts may play some other role in oocyte determination besides stabilizing ring canals. For example, hts might function to establish or maintain the polarized cytoskeleton that appears important to the subsequent development of ovarian cysts (Theurkauf et al. 1992 ). In the mouse, adducin has also been localized by immunofluorescence within developing oocytes (Pinto-Correia et al. 1991) .
Function of hts mRNA localized at the anterior of the oocyte
Several mRNA molecules involved in the patterning of Drosophila embryos are localized during oogenesis (for review, see in St. Johnston and Ni~sslein-Volhard 1992) . bicoid mRNA begins to be localized in a manner very similar to that observed for hts mRNA at the anterior end of oocytes in previtellogenic egg chambers through a process dependent on several identified genes (St. Johnston et. al 1989) and mediated by a specific RNA domain (MacDonald and Struhl 1989) . A number of other genes, including oskar, Bic-D, and orb, accumulate transcripts at the oocyte anterior only transiently during stages 8-10 (Ephrussi et al. 1991; Kim-Ha et al. 1991; Suter and Steward 1991; Lantz et al. 1992 ), a process that lacks known functional significance. In contrast, localized bicoid mRNA is maintained and directs differentiation along the embryonic anterior-posterior axis. It was surprising therefore that the anterior localization of hts mRNA was maintained in late stage egg chambers and early embryos.
hu-li tai shao represents the first example of a cytoskeletal protein whose mRNA is localized and maintained throughout oogenesis and suggests that protein translated from the localized mRNA might be involved in early embryonic patterning events. However, preliminary studies of the embryos laid by weak hts alleles failed to reveal specific segmentation defects (data not shown). Consequently, localized hts RNA may play some other role in early embryos. For example, nuclei migrate asymmetrically along the anterior-posterior axis during the first nine cleavage cycles (nuclei reach the more distant posterior and closer anterior regions at about the same time), a process that depends on microfilaments (Hatanaka and Okada 1991) . Further study will be required to determine whether hts functions during cleavage and will reveal more about its roles throughout the Drosophila life cycle.
Materials and methods
Fly strains
The hts 1 and hts 2 mutations were recovered in two separate single P-element mutagenesis screens (Karpen and Spradling 1992; Spradling 1993 ) that utilized a 15-kb P[lacZ-rv +] element mutagen called PZ (Mlodzik and Hiromi 1992) . The hts RK allele was isolated by Dr. Richard Kelley in a similar screen that utilized an 8.5-kb P[ry + 11] element (Rubin and Spradling 1983) . Additional information on genetic loci is available in Lindsley and Zimm (1992) .
Light microscopy of ovaries
Differential interference contrast microscopy to evaluate the morphology of tissues from homozygous hts and wild-type animals was performed on a Zeiss Axiophot microscope. For DAPI (4',6-diamidino-2-phenylindole) staining of ovaries, tissues were first dissected in saline solution, fixed with 6% formaldehyde in B buffer [16.7 mM KH2PO4-K2HPO 4 (pH 6.8), 75 mM KC1, 25 n~ NaC1, 3.3 mM MgC12], washed in PBS, and then incubated in PBS containing 50% glycerol and 1 ~g/ml of DAPI for at least 5 rain before mounting. For phalloidin staining, ovaries were fixed in 16% paraformaldehyde in PBS for 4 min and washed twice in PBS. Ten-mieroliter rhodamine-conjugated phalloidin (Molecular Probes no. R-415) was dried in a dessicator and resuspended in 200 ~1 of PBS. Ovaries were then incubated in the phalloidin solution for 20 rain in the dark and washed twice with PBS. After mounting in PBS + 50% glycerol, ovaries were examined for rhodamine fluorescence.
Transmission electron microscopy analysis
Whole ovaries were dissected in Drosophila saline solution and fixed in 3% glutaraldehyde/l% paraformaldehyde (vol/vol] in 0.1 M cacodylate buffer (pH 7.4; see Robinson, et al. 1987 ) for 1-2 hr at room temperature. After three 3-min washes in cacodylate buffer, ovaries were postfixed in 1% OsO4, 0.5% K3Fe {CN)6 , in cacodylate buffer for 1 hr and were rinsed twice for 5 min in caeodylate buffer and once for 5 min with 0.05 M maleate (pH 6.0). The ovaries were stained in 0.5% uranyl acetate overnight at 4~ rinsed in H20, and dehydrated through an ethanol series. Following two 10-rain washes with propylene oxide, the ovaries were infiltrated with resin. The resin-embedded specimen was polymerized by incubation at 45~ and 70~ for 12 hr each. Silver-gold sections were cut, stained with lead citrate, and observed in the electron microscope. At least two sections were cut and analyzed from an ovariole of each of the three h ts alleles. In the case of the hts 2 allele, a series of 1-~m sections (six sections) were cut and analyzed; each section contained three ovarioles.
Molecular methods
Methods not described in detail were as in Sambrook et al. 11989) . A 9.8-kb XbaI fragment flanking the hts I and htssup2 insertions was recovered by plasmid rescue as described in Cooley et al. {1988) . A 0.3-kb EcoRI unique sequence fragment of the plasmid-reseued DNA was used to screen a Charon 4A library of Canton-S genomic DNA (Maniatis et al. 1978} , and overlapping ~,6 clones surrounding the inserts were recovered. A 3.1-kb HindIII fragment from ~,~, a 3.9-kb fragment from ~625, and the htscl eDNA (Fig. 5) were used in a further round of screening to identify additional phage.
Inverse PCR was carried out essentially as described in Sambrook et al. (1989) . Briefly, DNA from hts R~ adults was digested with Sau3A, the digested fragments were circularized, and the material was digested with a second restriction enzyme that recognized a site between the outwardly directed primers. The digested DNA was then amplified by PCR using two specific primers complementary to the 5' P or 3' sequence of the ryl 1 P element. The amplified DNAs were recovered from low-melting agarose gel and labeled with 3~p before probing phage digests.
Two DNA fragments, T1 and T2, were mapped on the basis of differences in restriction maps of the hts region in several mutant and wild-type strains. T1-and T2-derived probes labeled multiple bands on Southern blots and were presumed to be transposons. T2 may represent mdg3, because it showed a strong 5.3-kb HindIII band, an enzyme that cleaves in the long terminal repeat (LTR) of this element. Most of the strains examined contained only -400 bp of T2 at the site shown, but 1.8 kb of related sequence was present in kd)36. Presumably flies used to construct the library were polymorphic in this region.
Isolation of poly(A)-containing RNA was performed as described previously (McKearin and Spradling 1990) . All probes were generated by random hexamer priming using fragments purified from low-melting agarose gels.
cDNA Isolation and sequencing of cDNAs and genornic clones
A cDNA library, prepared by Stratagene, Inc., from 10 jzg of poly(A1 * RNA purified from stage-10 egg chambers and using a mixture of oligo(dT) and random hexamers to prime first-strand synthesis, was screened using the 3.6-kb HindIII fragment from K64 (containing the hts I and hts 2 insertions sites) and subsequently with eDNA htsc3 and a 3.9-kb HindlII fragment from K~b25. A total of seven cDNAs were characterized and sequenced. Three cDNAs were found to contain fusions of DNA segments unrelated to the hts transcript: The 1.6-kb htsr contained 716 bp of unrelated DNA at its 5' end; htscl3 and htscl6 contained 106 and 180 bp, respectively, at their 3' ends. The sequence in Figure 6 was compiled from htsc3, 975 bp (-251-725); htscl3, 2720 bp (-65-2655); htsel2, 1350 bp (146-1496); htscl, 2367 bp (703-3070); htsc5, 3002 bp (669-3671); htscll, 2076 bp (925-3001); and htscl6, 806 bp (1599-2405). The corresponding genomic DNA fragments that encompassed all seven cDNAs were also sequenced.
DNA sequencing was carried out manually or with Taq DyeDeoxy terminator Cycle AutoSequencing (Applied Biosysterns model 373A). cDNAs and genomic fragments were subcloned into Bluescript-(KS + 1 and then sequenced using T3, T7, or hts primers on these templates, as well as templates generated by nested deletions. Sequences obtained were analyzed using the programs of The University of Wisconsin Genetics Computer Group (UWGCGI. Data base searches were carried out using FASTA and TFASTA programs (Pearson and Lipman 1988) . Multiple adducin alignments were generated using the GCG program Pileup.
Whole-Mount in situ hybridization
Developmentally staged embryos were prepared and fixed as described in Tautz and Pfeifle t1989). Ovaries were dissected in Drosophila saline and fixed according to modifications provided by F. Xue. Briefly, tissue was fixed in 4% paraformaldehyde in PEM buffer (0.1 M HEPES, at pH 6.9 2 mM mgSO4, 1 mM EGTA) with three volumes of heptane for 20 rain at room temperature. Tissue was then transferred to 100% methanol. Subsequent steps were as described in Tautz and Pfeifle (1989) .
hts cDNA probes were prepared using the digoxigenin-labeling kit from Boehringer Mannheim according to the manufacturer's instructions (Genius Kit), with the following modifications (F. Xue, pers. comm.). A higher concentration of random hexamer was used to reduce the average size of the probe [10 mg/ml of pd(N) 6 (Phamacia)]. For labeling, 100 ng of the desired fragment was denatured in the presence of pd(N)6, quick chilled, and incubated overnight at 37~ with Klenow enzyme. Following the addition of more Klenow enzyme, the reaction mixture was incubated for an additional 4 hr at 37~ Hybridization was performed in 50% formamide, 5 x SSC, and 0.1% Tween at 50~ for 14--18 hr. Post hybridization washes and hybrid detection were as described in Tautz and Pfeifle (1989) .
